Effective preharvest strategies to eliminate a atoxin accumulation in crops are not presently available. The molecular biology of a atoxin biosynthesis has been extensively studied, and genetic and molecular tools such as reporter gene systems for the measurement of fungal growth have been developed. A reporter construct containing the Aspergillus avus b-tubulin gene promoter fused to Escherichia coli b-glucuronidase (GUS) has been shown to be a reliable tool for the indirect measurement of fungal growth in maize kernels. Since cost-saving alternative methods for the direct measurement of a atoxin levels are needed to facilitate more widespread eld and laboratory screening of maize lines, a new reporter gene construct involving the promoter region of the omtA gene of the a atoxin biosynthetic pathway was constructed and tested. Expression of GUS activity by this construct (omtA::GUS) was correlated with a atoxin accumulation in culture. In the fungal transformant GAP26-1, which harbors this construct, a atoxin production and GUS expression on sucrose-containing medium showed the same temporal pattern of toxin induction. Furthermore, GUS expression by GAP26-1 was shown to be associated with a atoxin accumulation in maize kernels inoculated with this strain. Our results suggest that this and other reporter gene pathway promoter constructs may provide superior alternatives to direct a atoxin quanti cation with respect to time, labor, and materials for the screening of maize lines for resistance to a atoxin accumulation.
A atoxins, polyketide-derived secondary metabolites, are very potent carcinogens produced by the fungi Aspergillus avus Link:Fr. and Aspergillus parasiticus Speare. These lamentous fungi are common soil inhabitants found worldwide and can also infect several agricultural crops, including maize, peanuts, cottonseeds, and tree nuts (1) . Crop infection by these fungi pose serious health hazards to humans and domestic animals because of the frequent contamination of commodities with a atoxins (11, 14) . Several research laboratories (2, 6, 10) are conducting studies to develop host resistance or biocontrol strategies to eliminate a atoxins from food and feed. An enhanced understanding of a atoxin biosynthesis has furthered this research.
Knowledge of a atoxin biosynthesis and its regulation has increased greatly over the past few years, in large part because of the genetic and molecular tools developed to study this complex pathway. With the use of a atoxin pathway mutants and the development of transformation procedures for A. avus and A. parasiticus, several pathway structural genes (pksA (9) , pksL1 (15) , fas-1A and fas-2A (18) , nor-1 (27) , norA (7) , ver1 (26) , avnA (32) , omtA (34) , ord1 and av (23) , ordA (33) , vbs (25) , and avfA and omtB (35) ) and pathway-speci c regulatory genes (a R (8, 22, 28) and a J (20) ) have been cloned and characterized.
Reporter gene systems have also been developed to study transcriptional regulation of particular genes that are (i) involved in a atoxin production (ver1 (16)), (ii) induced during a atoxin production (adh1 (29)), or (iii) induced during primary growth and metabolism (benA (29) ). Reporter gene constructs are now being used as tools in the identi cation of a atoxin inducers (16) and in the screening of maize germ plasm for resistance to infection by A. avus (3, 4) . Constructs also have the potential for use in identifying compounds that inhibit a atoxin production and for the indirect but accurate monitoring of a atoxin production.
Because of their high cost in terms of time, money, and labor, broad-eld screenings of available maize germ plasm, which are necessary to identify resistant maize lines, are not economically feasible. The ability to conduct preliminary screenings of numerous maize lines in eld trials could signi cantly impact host resistance strategies in the development of a atoxin-resistant maize lines for the elimination of contamination from commercial maize products. Here, we report the construction and analysis of a new reporter gene transformant, GAP26-1, which contains the A. avus omtA gene promoter fused to the Escherichia coli bglucuronidase (GUS) gene. The potential use of this construct as an a atoxin-screening tool is discussed. avus omtA gene (34) and was inserted at the BamHI site of the promoterless vector pGAP4 (29) that contains the GUS gene fused to the A. nidulans benA termination sequence. The genes encoding Amp1 (Ampicillin) and the origin (ORI) are also shown.
MATERIALS AND METHODS

Fungal transformation and strain growth conditions.
Strain 86-10 (w, arg, pyr, tox 1 ) was obtained through the UV mutagenesis of strain 86 (w, arg, tox 1 ; ATCC 60041) (21) by methods previously described by Woloshuk et al. (30) . Strain 86-10 produces wild-type levels of a atoxins. Potato dextrose agar (Difco Laboratories, Detroit, Mich.) amended with uracil (10 mM) was used to culture and maintain strain 86-10. Transformants of strain 86-10 were maintained on potato dextrose agar without uracil.
A plasmid containing a translational fusion of the A. avus omtA promoter region to the E. coli GUS gene, uidA, was constructed. A 584-bp region directly upstream of the start codon of the A. avus omtA gene (21 to 2584) was ampli ed from the cosmid genomic clone 8B9 with the use of the polymerase chain reaction (PCR) and synthetic oligonucleotides designed from the sequence of the A. avus omtA gene (34) . The oligonucleotide primers also contain the target site for the restriction endonuclease BamHI to facilitate cloning. The upper primer (59-gcggatccaaccatctaccataacacaa-39) generates a BamHI site at the 59 end of the PCR product, while the lower primer (59-cggtagtgtcatggatcccttgatgg-39) generates a BamHI site over the translational start codon (ATG) of the omtA gene. The resulting PCR product was digested with BamHI, and then the omtA promoter fragment was cloned into the BamHI site of the promoterless GUS construct pGAP4 (29) to form the omtA::GUS translational fusion construct identied as pGAP26 ( Fig. 1 ). The junctions of this construct were sequenced to con rm that the correct orientation and insertion of the omtA promoter fragment directly upstream of the GUS gene had been obtained. This construct, pGAP26, was cotransformed into A. avus strain 86-10 along with the transformation vector pAF-1, which contains the pyr-4 gene of Neurospora crassa as a marker for transformant selection, as previously described (22) . Primary transformants were further screened for the insertion of pGAP26 by dot blot hybridization of genomic DNA with a GUS gene probe. Transformants containing the pGAP26 construct were analyzed qualitatively for GUS activity by the procedures of Jefferson (17) as modi ed by Flaherty et al. (16) , and these transformants were analyzed for a atoxin production on coconut agar medium as previously described (12, 29) . A single transformant, GAP26-1, was further analyzed quantitatively for a atoxin production and GUS activity.
Growth of GAP26-1 in PMS and SLS media. Transformant GAP26-1 for the quantitative analysis of a atoxin production and GUS activity was grown in 24-well plates (Becton Dickinson & Co., Lincoln Park, N.J.) in sucrose low salts (SLS) medium, which is conducive to a atoxin production, and in peptone mineral salts (PMS) medium, which is not conducive to a atoxin production, as previously described (16) . Conidia (10 6 per well) were initially suspended in 1 ml of PMS and allowed to grow for 3 days at 288C. After this initial growth period, mycelial mats were resuspended in 1 ml of either PMS or SLS medium and allowed to continue to grow at 288C. Five replicate mycelial mats from each growth medium were collected at the time of resuspension (0 h) and every 6 h thereafter for up to 30 h after resuspension. The harvested mycelial mats were placed in 1.5-ml disposable snapcap tubes, quick frozen with liquid N 2 , and held at 2808C until all of them had been collected for further analysis. Cultures for each sampling time (0, 6, 12, 18, 24, and 30 h after resuspension) were grown in separate 24-well plates. Mycelial mats were removed with a spatula at each sampling time, and plates were held at 2208C to preserve culture ltrates for a atoxin analysis. Each experiment was carried out twice.
A atoxin analysis of GAP26-1. A atoxin B 1 (AFB 1 ) concentrations were determined quantitatively by an indirect competitive enzyme-linked immunoassay as described by Ram et al. (26) . All reagents were obtained from Sigma Chemical Co. (St. Louis, Mo.).
GUS quanti cation of GAP26-1. GUS activity in transformant GAP26-1 was measured quantitatively by Jefferson's (17) procedures for analyzing GUS activity in plants as modi ed by Flaherty et al. (16) for the analysis of GUS activity in A. avus tissue. In each GUS assay, 50 ml of extracted fungal protein sample was added to 500 ml of GUS substrate buffer (1 mM 4-methylumbelliferyl b-D-glucuronide [Sigma] in extraction buffer) that had been preincubated at 378C. GUS activity was measured in nanomoles of methylumbelliferoneproduced per milligram of protein per minute.
Growth, GUS, and a atoxin quanti cation of GAP26-1 in maize kernels. AFB 1 production and GUS expression were quanti ed in kernels that had been inoculated and subjected to the kernel screening assay (3). Kernels of a atoxin-resistant maize population GT-MAS:gk (3), obtained from the U.S. Department of Agriculture, Agricultural Research Service, Insect Biology and Population Management Research Laboratory, were wounded through the pericarp to the endosperm to a depth of 1 mm by drilling with a 26-gauge 13-mm hypodermic needle (Becton Dickinson & Co., Rutherford, N.J.) or left unwounded (5) . The GAP26-1 conidial inoculum concentration was 4 3 10 6 conidia per ml, and kernels of GT-MAS:gk were incubated with GAP26-1 for 7 days at 318C. GUS was quanti ed by the uorimetric procedure described by Jefferson (17) and modi ed in a previous study (4) . AFB 1 levels were determined as in previous studies by methylene chloride extraction, thin-layer chromatographic sepa- ration, and quanti cation with a scanning densitometer (Shimadzu CS 9300, Scienti c Instruments, Inc., Tokyo, Japan) (5) . The experiment was performed twice; each treatment was replicated 10 times (with four kernels being used for each replication). Statistical analyses of GUS and a atoxin data were carried out with the Statistical Analysis Software System (SAS Institute, Inc., Cary, N.C.). Treatment replicates from each test were subjected to analysis of variance followed by mean comparisons of either toxin or GUS values and log or square-root transformations of these values. Transformations were carried out to equalize variances. Differences among treatment means were determined by the least signi cant difference test.
FIGURE 2. Production of AFB 1 and GUS activity in A. avus transformant GAP26-1 under a atoxin-inducing (SLS) and nona atoxin-inducing (PMS) conditions. Cultures were grown for 3 days at 288C in PMS medium. After the initial growth period, the medium was replaced with either fresh PMS medium or SLS medium. AFB 1 concentrations and GUS activity levels were determined from cultures harvested at resuspension and at 6-h intervals after resuspension. Datum points represent averages for ve replications except datum points for a atoxin in SLS 12 and 30 h after resuspension, which represent averages for four replications. MU, methylumbelliferone.
RESULTS AND DISCUSSION
The screening of maize lines for resistance to a atoxin accumulation in eld trials is time-consuming and costly owing to the expense incurred in quantifying the a atoxin content of samples. These high costs can in turn limit the numbers of public and private breeders involved in identifying sources of resistance and incorporating resistance genes into desirable genotypes. This situation is highly unfortunate, since a atoxin contamination is a worldwide problem (1) and one whose magnitude demands extensive attention to the development of successful methods of control. Several approved a atoxin quanti cation methods are available to researchers; however, none offer advantages with regard to cost. The laboratory-based kernel screening assay provides breeders with an extra tool for eliminating lines, checking escapes, and studying fungal pathogenicity in kernels (2). This assay, however, has been dependent on direct a atoxin quanti cation as well.
In the present study, only one GAP26 (Fig. 1) cotransformant of A. avus that tested positive for GUS activity after transformation, GAP26-1, produced abundant a atoxin on coconut agar (data not shown). Thus, this cotransformant was further characterized quantitatively to determine whether GUS activity was correlated with a atoxin production and whether a atoxin was also inducible in this strain. The basis for selecting the omtA promoter for the GAP26 construct was that omtA is an a atoxin pathway gene coding for an enzyme involved in one of the terminal steps of the a atoxin biosynthetic pathway and is a highly expressed gene (31) . These two factors, it was thought, could render this gene useful in the accurate monitoring of a atoxin production. A strong correlation between a atoxin production and GUS expression was observed with both conducive (SLS; r 5 0.945) and nonconductive (PMS; r 5 0.844) media. In SLS medium (Fig. 2) , a atoxin was rst detected 6 h after resuspension and peaked 12 h after resuspension, slowly declining over the remainder of the study period. GUS activity in SLS medium was rst detected 6 h after resuspension (slightly before a atoxin accumulation) and peaked 18 h after resuspension. However, in PMS (Fig. 2) , relatively negligible levels of a atoxins and only a basal level of GUS activity were detected over the entire study period.
Previous studies have demonstrated the ef cacy of GUS reporter constructs containing constitutive promoters in the monitoring of fungal growth in maize seed (3, 4) . In these previous investigations, fungal biomass was associated with a atoxin levels. However, investigations involving other maize genotypes indicate that a atoxin production does not always follow fungal growth (unpublished data). In the present study, AFB 1 production and GUS expression were measured for A. avus GAP26-1 after this strain had been inoculated onto nonwounded and endosperm-wounded kernels of a atoxin-resistant maize genotype GT-MAS: gk (Table 1 ). In previous studies involving GT-MAS:gk and other resistant genotypes (3) (4) (5) , this technique was used to demonstrate the existence of a subpericarp-level resistance to a atoxin production. Here, a atoxin production increased approximately sevenfold and sixfold after kernels were wounded in tests 1 and 2, respectively. Levels of GUS activity were approximately threefold higher in wounded kernels than in nonwounded kernels in both test 1 and test 2. Thus, kernel wounding induced increases in both a atoxin and GUS, and these increases in tests 1 and 2 were of similar magnitudes. These ndings constitute solid preliminary evidence of the ability of the GAP26-1 construct to effectively monitor a atoxin elaboration in maize seed.
Bright greenish yellow uorescence (BGYF) has also been used as a marker for the identi cation of commodities that may contain A. avus. An A. avus-produced secondary metabolite, kojic acid, when associated with plant peroxidases, undergoes oxidation and uoresces at a wavelength of 365 nm (19) . Positive correlations between the resulting compound, BGYF, and a atoxin in corn have been reported, as have samples that uoresce but that contain no detectable a atoxin (13) . Therefore, in screening for resistant germ plasm, the monitoring of a atoxin biosynthetic pathway activity with the use of reporter genes directly linked to pathway promoters should provide a superior alternative to BGYF and other methods based on indirect associations with a atoxin production.
Data presented here provide a foundation on which more extensive experimentation, both in the laboratory and eld, can be conducted with the use of strains such as A. avus GAP26. Continued success in the evaluation of GAP26 and other reporter gene pathway promoter constructs as screening tools could provide breeders with a superior alternative to the direct measurement of a atoxin accumulation in germ plasm. Such an alternative may in turn facilitate increased breeding activity and therefore enhance the implementation of host resistance strategies for controlling a atoxin contamination of maize.
